The iron-sulfur cluster-free hydrogenase (Hmd) from methanogenic archaea harbors an iron-containing cofactor of yet unknown structure. X-ray absorption spectroscopy of the active, as isolated enzyme from Methanothermobacter marburgensis (mHmd) and of the active, reconstituted enzyme from Methanocaldococcus jannaschii (jHmd) revealed the presence of mononuclear iron with two CO, one sulfur and one or two N/O in coordination distance. In jHmd, the single sulfur ligand is most probably provided by Cys 176 , as deduced from a comparison of the activity and of the x-ray absorption and Mössbauer spectra of the enzyme mutated in any of the three conserved cysteines. In the isolated Hmd cofactor, two CO, one sulfur, and two nitrogen/oxygen atoms coordinate the iron, the sulfur ligand being most probably provided by mercaptoethanol, which is absolutely required for the extraction of the iron-containing cofactor from the holoenzyme and for the stabilization of the extracted cofactor. In active mHmd holoenzyme, the number of iron ligands increased by one when one of the Hmd inhibitors (CO or KCN) were present, indicating that in active Hmd, the iron contains an open coordination site, which is proposed to be the site of H 2 interaction.
Hydrogenases are enzymes that catalyze the reversible oxidation of molecular hydrogen (1) . Their structure and catalytic mechanism are of considerable applied interest as models for the development of efficient catalysts for hydrogen-fueled processes. Despite intensive efforts, however, the understanding of how hydrogenases react with H 2 is only in its infancy.
Two of the three known types of hydrogenases are ironsulfur proteins that contain, besides one or several iron-sulfur clusters, a dinuclear metal center, either [NiFe] or [FeFe] , which was shown to be the site of H 2 reaction. Both dinuclear hydrogenases catalyze the reversible formation of 2e Ϫ and 2H
ϩ from H 2 , the electrons being transferred one by one to electron acceptors via the iron-sulfur clusters. One iron ion in both dinuclear centers is coordinated by sulfur, CO, and cyanide ligands, as supported by crystal structures of the [NiFe]-hydrogenase (2, 3) and of the [FeFe]-hydrogenase (4 -7) . During the catalytic cycle, the iron ion in the [NiFe] center remains in a low spin ferrous state and is not redoxactive (8, 9) . In the case of the [FeFe]-hydrogenases, the oxidation states of the dinuclear iron center are still under discussion; however, the involvement of a low spin Fe(II) has been predicted based on the spectroscopic and DFT studies (9 -11) . Despite similarities in structures and properties, [FeFe] -and [NiFe]-hydrogenases are phylogenetically not related.
[FeFe]-hydrogenases are found in bacteria and eucarya, whereas [NiFe]-hydrogenases are found in bacteria and archaea. For recent reviews on these two types of hydrogenases, see Frey (9), Zhou et al. (10) , Nicolet et al. (12) , and Armstrong (13) .
The third type of hydrogenase does not contain any ironsulfur cluster and has been found only in some methanogenic archaea (14, 15) . It shows no sequence similarity to [NiFe]-and [FeFe]-hydrogenases (15) . The enzyme substitutes for [NiFe]-hydrogenases when the cells grow under nickel-limiting conditions (16) . Its systematic name, H 2 -forming methylene-H 4 MPT dehydrogenase (Hmd), indicates that the enzyme catalyzes the dehydrogenation of methylene-tetrahydromethanopterin (methlylene-H 4 MPT) 4 to methenyl-H 4 MPT ϩ . H 4 MPT is a structural and functional analog of tetrahydrofolate (15) . In the catalytic reaction, a hydride is stereospecifically transferred from H 2 into the pro-R position at C 14a of methenyl-H 4 MPT ϩ . In contrast to other hydrogenases, Hmd does not catalyze per se the exchange of H 2 with protons of water or the conversion of para-H 2 to ortho-H 2 . Interestingly, these two reactions are, however, mediated in the presence of methenyl-H 4 MPT ϩ (17) (18) (19) . The Hmd holoenzyme is composed of two identical subunits of molecular mass 38 kDa and harbors 2 mol of iron per homodimer (14) . Each iron ion in Hmd is tightly bound to a low molecular mass cofactor (19 -21) . The iron-containing cofactor can be extracted from Hmd by unfolding of the enzyme in urea, guanidine⅐HCl, or methanol in the presence of mercaptoethanol or dithiothreitol. In the absence of the thiol compounds, essentially only inactive cofactor is obtained. The apoprotein is inactive. The active enzyme can be reconstituted by the addition of the extracted cofactor to heterologously produced Hmd apoprotein (22) , whose crystal structure has recently been determined (23) . Similarly to the [NiFe]-hydrogenases, the iron ion in Hmd is not redox-active. Mössbauer and EPR spectroscopy characterize the iron ion in Hmd, in the absence and presence of its substrates as a low spin Fe(II) or low spin Fe(0) (24) . The isolated iron-containing Hmd cofactor has the same oxidation state (24) .
The presence of iron is pivotal for the activity of Hmd; however, its complexation in the holoenzyme as well as its role in the catalytic reaction has yet to be elucidated. A recent IR spectroscopic study shed some light on the active site. The results on Hmd and its iron-containing cofactor are, in both cases, consistent with the presence of two CO molecules coordinated to one iron (19) . It has been found that upon UV-A/blue-light illumination, both CO molecules are irreversibly flashed off from the active site, which results in the loss of the enzyme activity (20) . The isolated iron-containing Hmd cofactor is light-and temperature-sensitive as well. Upon irradiation with UV-A/blue light, the cofactor releases at least 2 CO, 1 iron, and a 542-Da pyridone derivative. The structure of the pyridone derivative could recently be determined (21) , but its role in iron binding is still unknown.
The iron ion in Hmd can bind one inhibitor molecule, either extrinsic CO or cyanide, as indicated by IR spectroscopy (19) . In contrast, the Hmd cofactor does not bind extrinsic CO at room temperatures (19) , but it does bind extrinsic CO at much lower temperatures (24) . In the presence of cyanide, the iron-containing cofactor rapidly decomposes for reasons not yet known.
Heat inactivation of the iron-containing Hmd cofactor was found to be slowed down considerably in the presence of mercaptoethanol both under oxic and anoxic conditions (22) . These results indicate that in the cofactor at least one of the ligands to iron might be a sulfur atom and that the cofactor might be bound to the protein via Fe-S-Cys bonds. Hmd contains three conserved cysteines (15) , which could be involved in this type of cofactor binding.
To identify all ligands of the iron ion and further elucidate its role in the Hmd active site, we have subjected active Hmd to x-ray absorption spectroscopy (XAS) 4 and to a mutational analysis. XAS is the only element specific technique, which is able to provide structural information about a local environment of metal atoms in proteins. In [NiFe]-and [FeFe]-hydrogenase, the use of XAS is limited by the presence of iron-sulfur clusters, whose strong signal mask contributions by the catalytic iron site. In Hmd no iron-sulfur clusters are present. Thus, Hmd is the ideal prototype system for studies on the role of the iron ion in the hydrogenase mechanism.
The current investigations were performed with Hmd from Methanothermobacter marburgensis (mHmd) and Hmd from Methanocaldococcus jannaschii (jHmd). Active mHmd was purified from M. marburgensis, and active jHmd was reconstituted from jHmd apoprotein heterologuously produced in Escherichia coli. M. jannaschii and M. marburgensis have growth temperature optima of 85 and 65°C, respectively. The two methanogens are phylogenetically only distantly related. On the protein level, mHmd and jHmd show 65% sequence identity.
EXPERIMENTAL PROCEDURES
All experiments were done anaerobically and under red light because of the oxygen and light sensitivity of Hmd and of the Hmd cofactor. Methenyl-H 4 MPT ϩ was purified from M. marburgensis (25) .
Preparation of mHmd Samples-mHmd holoenzyme was purified from M. marburgensis (20) . Purification was done via ammonium sulfate precipitation, Source 30Q anion exchange chromatography, and Sephadex G25 gel filtration chromatography. The steps were performed anaerobically and in the absence of thiol reagents (mercaptoethanol or dithiothreitol). The purified enzyme solution was concentrated by ultrafiltration using Amicon Ultra-15 (10 kDa cut-off) and supplemented with 20% glycerol and 50 mM Tricine-NaOH, pH 8.0 (pH at 0°C), or 50 mM Mes-NaOH, pH 6.0 (pH at 0°C). 100-l samples (75 mg⅐ml
Ϫ1
, ϳ2 mM) (where indicated supplemented with 4 mM KCN or 4 mM methenyl-H 4 MPT ϩ ) in 7-ml vials closed with a rubber stopper were equilibrated at room temperature for 20 min with either 5% H 2 plus 95% N 2 (gas phase in the anaerobic tent), 100% H 2 , or 100% CO, and then part of the sample was transferred via a syringe into 75-l plastic XAS cuvettes, each placed in a 250-ml amber-colored glass bottle closed with a rubber stopper (which was held by a screw cap) and filled with either 5% H 2 plus 95% N 2 , 100% H 2 , or 100% CO at 1.3 bars. The bottles were then put into a deep freezer at Ϫ80°C for 1.5 h. Subsequently, the caps and the rubber stoppers were removed, and the plastic XAS cuvettes with the frozen samples were quickly transferred into a liquid nitrogen bath. The samples were kept in a Dewar flask filled with liquid nitrogen until measurement of the XAS spectrum.
Preparation of the Iron-containing Hmd Cofactor-The Hmd cofactor was extracted from purified Hmd from M. marburgensis (20) . The extracted cofactor was separated from the apoproteins by ultrafiltration using Amicon Ultra-15 (10 kDa cut-off). The Hmd cofactor in the filtrate was ultrafiltrated again using the same filter. The filtrate was dried via anoxic evaporation at 4°C and then dissolved in 10 mM ammonium carbonate, pH 9.0, supplemented with 10 mM mercaptoethanol. High pressure liquid chromatography analysis indicated no contamination of the active cofactor with apoprotein or inactive cofactor. The Hmd cofactor sample was supplemented with 20% glycerol and then anaerobically transferred into the 75-l plastic XAS cuvettes as described for the mHmd enzyme.
Preparation of jHmd Samples-Hmd apoprotein from M. jannaschii was heterologously produced in E. coli and purified, and the holoenzyme was reconstituted by the addition of purified Hmd cofactor. E. coli BL21(DE3) harboring the expression vector pET24b with the wild type or the mutated hmd gene was cultivated aerobically in tryptophan-phosphate medium (26) . At an A 578 of 0.8, Hmd production was induced by the addition of isopropyl 1-thio-␤-D-galactopyranoside (1 mM). Three hours after induction, the cells were harvested by centrifugation. The E. coli cells (4 -5 g wet mass) were anaerobically suspended in 15 ml of 50 mM Tris/HCl, pH 7.8, supplemented with 1 mM dithiothreitol and then disrupted anaerobically by a French press at 4°C. Cell debris was removed by ultracentrifugation at 116,000 ϫ g for 45 min at 4°C. The Hmd apoprotein was purified from the cell extract under strictly anaerobic conditions using a heat step (20 min, 70°C) and hydrophobic interaction chromatography. After the heat step, precipitated protein was removed by centrifugation, and the supernatant was supplemented with 2 M ammonium sulfate, recentrifuged, and then applied to the phenyl-Sepharose column (70 ml; Amersham Biosciences) pre-equilibrated with 50 mM MOPS/KOH, pH 7.0, containing 2 M ammonium sulfate and 1 mM dithiothreitol. Hmd apoprotein was eluted with a linear decreasing gradient of ammonium sulfate. The fractions containing jHmd apoprotein were concentrated by ultrafiltration, and the jHmd apoprotein was washed free of ammonium sulfate and dithiothreitol with 50 mM anoxic Tricine-NaOH, pH 8.0. Aliquots of the purified apoprotein were supplemented with Hmd cofactor to reconstitute the holoenzyme (22) . The reconstituted enzyme was supplemented with 20% glycerol and then anaerobically transferred into the 75-l plastic XAS cuvettes as described for the mHmd enzyme.
Generation of Hmd-Apoprotein Mutants-Site-directed mutagenesis of the hmd gene from M. jannaschii in the expression vector pET24b was performed using the QuikChange site-directed mutagenesis kit from Stratagene following the protocol given by the manufacturer. Primers were constructed as follows: C10A, sense/antisense (5Ј-GCAATCTTAGGAGCTGGAGCTTACA-GAACCCACGCAGC-3Ј/5Ј-GCTGCGTGGGTTCTGTAAGC-TCCAGCTCCTAAGATTGC-3Ј); C250A, sense/antisense (5Ј-GGTCCTGTCGCTGATATGTGTTCAGCAGTTACAGC-3Ј/ 5Ј-GCTGTAACTGCTGAACACATATCAGCGACAGGACC-3Ј); C176A, sense/antisense (5Ј-GGAGCTATTGTAACCCAC-GCAGCTACAATCCCAAC-3Ј/5Ј-GTTGGGATTGTAGCT-GCGTGGGTTACAATAGCTCC-3Ј); C176S, sense/antisense (5Ј-GGAGCTATTGTAACCCACGCATCTACAATCCCAAC-3Ј/5Ј-GTTGGGATTGTAGATGCGTGGGTTACAATAGC-TCC-3Ј).
Sequencing of the isolated plasmids was performed to confirm the presence of the desired mutation and to show that no additional mutations were generated during the PCR.
XAS Measurements-The K-edge iron and selenium x-ray absorption spectra were recorded at beamline D2 of the EMBL Outstation Hamburg at DESY, Germany. The DORIS storage ring operated at 4.5 GeV with the positron beam current ranging from 145 to 80 mA. A Si(111) double-crystal monochromator scanned x-ray energies around the iron K-edge (6.9 -8.0 keV) or selenium K-edge (12.3-13.5 keV). Harmonic rejection was achieved by a focusing mirror (cut-off energy at 20.5 keV) and a monochromator detuning to 50% of its peak intensity. The sample cells were mounted in a two-stage Displex cryostat and kept at about 20 K. The x-ray absorption spectra were recorded as iron K ␣ or selenium K ␣ fluorescence spectra with a Canberra 13-element germanium solid-state detector. While processing a pulse, the detector is frozen (dead time). We ensured that no more than 20% of the counts occurred in this period and corrected each data point for this effect. For each sample, a different number of scans was collected and averaged to ensure comparable statistics. X-ray energy calibration was achieved by recording Bragg reflections from a static Si(220) crystal in back-reflection geometry during each scan (27) . Data reduction, such as background removal, normalization, and extraction of the fine structure, was performed with the EXPROG program package (developed by C. Hermes and H. F. Nolting at the EMBL Outstation Hamburg), assuming a threshold energy E 0,Fe ϭ 7120 eV and E 0,Se ϭ 12,650 eV. Sample integrity during exposure to synchrotron radiation was checked by monitoring the position and shape of the absorption edge on sequential scans. No change in redox state or metal environment was detectable.
X-ray Absorption near Edge Structure (XANES) Analysis-
The intensities and energies of the 1s 3 3d pre-edge features of the normalized iron K-edge absorption spectra were quantified using the program EDG_FIT, which is a part of EXAFSPAK, a suite of computer programs for analysis of x-ray absorption spectra, written by Prof. Graham N. George (available on the World Wide Web at www-ssrl.slac.stanford.edu/exafspak. html). The spectra were fitted over 7106 -7120 eV. The preedge features were modeled by pseudo-Voigt peak shapes (with a fixed 50:50 ratio of Lorentzian and Gaussian functions), and the energy position, the full width at half-maximum, and the peak height were refined. The background underneath the preedge features was modeled the best as a Gaussian function. Typically, one to two pseudo-Voigt functions were required for good reproduction of the pre-edge spectra. All fits matched the data and their second derivative. The total intensity of the 1s 3 3d pre-edge feature was assigned to the sum of the areas (approximated by the height x full width at half-maximum) of all pseudo-Voigt peaks used in the single fit.
Extended X-ray Absorption Fine Structure (EXAFS) AnalysisThe extracted iron K-edge (25-800 eV or 25-680 eV) and selenium K-edge (25-850 eV) EXAFS data were converted to photoelectron wave vector k-space and weighted by k 3 . The spectra were analyzed with EXCURV98 (28) . The program calculated the theoretical EXAFS for defined structural models based on the curved wave theory. In addition to single scattering contributions, multiple scattering linear units were defined for Fe-C-O and Fe-C-N. Parameters of each structural model, namely the atomic distances (R), the Debye-Waller factors (2 2 ), and a residual shift of the energy origin, were refined, minimizing the fit index (⌽) (28) . An amplitude reduction factor of 1.0 was used throughout the data analysis. The number of free parameters was always inspected to be less than the number of independent data points (29) . The reduced 2 test was used to verify the significance of an additional ligand contribution (28) .
RESULTS

Coordination of Iron in mHmd-Purified
Hmd holoenzyme from M. marburgensis with a specific activity of 600 units (mol/min)/mg of protein at 40°C (fully active enzyme (20)) was analyzed by iron K-edge XAS. Two parts of the spectrum were analyzed independently. The edge region (XANES), in particular the intensity of the 1s 3 3d transition (pre-edge peak), is sensitive to the electronic and geometric structure of the iron site and serves as an indicator for the coordination number and/or ligand sphere homogeneity (30). Details on the type of ligands and their metal distances were extracted from the fine structure (EXAFS). The long data range up to k ϭ 14.5 Å Ϫ1 resulted in a very good radial discrimination of the different iron ligands.
The XANES pattern of the as isolated mHmd enzyme (Fig.  1A) exhibits relatively low intensity of the rising edge at ϳ7128 eV (white line) accompanied by an extraordinarily intense preedge peak at ϳ7113 eV with an area of ϳ54⅐10 Ϫ2 eV (supplemental Table S1 ). The pre-edge peak intensity higher than 40⅐10
Ϫ2 eV, to our knowledge, has never been reported previously for any protein-bound iron ion. For comparison, the pre-edge peak area in the spectrum of the oxidized [NiFe] center of the isolated HoxC subunit of the hydrogen-sensing [NiFe] hydrogenase from Ralstonia eutropha (31) is about 16⅐10 Ϫ2 eV. The Fe(II) ion in this enzyme is 5-or potentially even 6-coordinated.
The EXAFS spectrum of active mHmd provides further insight into the metal coordination (Fig. 2) . The sharp oscillations at ϳ6 Å Ϫ1 indicate the presence of the elements heavier than oxygen and nitrogen in the vicinity of the iron ion. A beat-node-like change in the regular sinusoidal pattern marks a heterogeneous ligand sphere. This is further substantiated by the Fourier transform (FT) of the EXAFS data (Fig. 2) . The FT exhibits two closely spaced maxima (at ϳ1.8 and ϳ2.3 Å) corresponding to iron-first shell ligand back-scattering contributions followed by a strong peak at ϳ2.9 Å. Both the short metal ligand distance of 1.8 Å and the strong contribution at ϳ2.9 Å indicate the presence of CO molecules bound to the iron. This is in good agreement with recent results obtained by IR spectroscopy (19) . An iron-ligand distance of 2.3 Å is typical for heavier atoms, such as sulfur. Based on these considerations, ligand type, number, and bond length were varied in the quantitative ab initio EXAFS analysis. Several different coordination models were analyzed for their consistency with the data. Structural models based only on a mixture of sulfur and carbon monoxide ligands could not reproduce all features of the fine structure. Therefore, an additional light ligand (oxygen) shell at ϳ2 Å was incorporated. Different combinations of CO, oxygen, and sulfur ligands summing up to a total number of ligands of 4, 5, or 6 were tested. In addition, the presence of a Fe-Fe dinuclear center was considered. By far the best fit was obtained for a mononuclear iron center coordinated by two CO groups with an average Fe-C distance of 1.80 Å, one oxygen atom at 2.03 Å and one sulfur atom at 2.31 Å (Table 1 and Fig. 3A) . Please note that this result is fully consistent with the observed high intensity 1s 3 3d transi-FIGURE 1. Normalized iron K-edge x-ray absorption spectra of Hmd and of its iron-containing cofactor. The insets show parts of the spectra at ϳ7113 eV. The concentrations of mHmd and the iron-containing Hmd cofactor were ϳ2 mM. The concentrations of jHmd apoprotein and the iron-containing cofactor in the reconstituted enzymes were ϳ3 and 2 mM, respectively. Conditions were as follows: mHmd as isolated in 50 mM Tricine-NaOH, pH 8.0, under 5% H 2 , 95% N 2 ; mHmd in the presence of 4 mM methenyl-H 4 MPT ϩ in 50 mM Mes-NaOH, pH 6.0, under 100%H 2 ; iron-containing Hmd cofactor in 10 mM ammonium carbonate pH 9.0 supplemented with 10 mM mercaptoethanol under 95% N 2 , 5% H 2 ; CO-inhibited mHmd in 50 mM Tricine-NaOH, pH 8.0, under 100% CO; KCN-inhibited mHmd in 50 mM Tricine-NaOH, pH 8. (31) . The Fe-S distance in mHmd is 2.5% longer, and the Fe-CO distances are about 4.5% shorter, indicating differences in the electronic structure of the iron sites.
Coordination of Iron in the Isolated Hmd Cofactor-To unravel the complexation of the iron in the iron-containing Hmd cofactor, the respective iron K-edge XAS data were analyzed (Fig. 1A) . Compared with the XANES data of the as isolated mHmd, the white line intensity of the cofactor spectrum increased by ϳ9%, whereas the area of the pre-edge feature decreased by ϳ24% (supplemental Table S1 ). In addition, the overall shape of the edge is significantly altered (Fig. 1A) . The observed differences suggest a change in the total number of ligands at the iron site, going from 4-coordinate in the as isolated enzyme to 5-coordinate in the extracted cofactor. The visual comparison between the respective EXAFS and FT data (Fig. 2) indicates as well alterations in the iron coordination structure upon extraction of the cofactor. However, the composition of the iron site with respect to the ligand types seems to be conserved, as indicated by the similarity of both Fourier transforms. To verify these assumptions, the EXAFS data of the iron-containing cofactor were quantitatively analyzed. Initially, the spectrum was refined with the model of the iron site in the as isolated mHmd. However, this resulted in a negative value of the Debye-Waller factor for the Fe-O interaction at ϳ2.0 Å. The inclusion of an additional oxygen/ nitrogen atom significantly improved the fit. This final structural model demonstrates that iron in the active cofactor is coordinated by two CO molecules at a distance of 1.80 Å, two oxygen/nitrogen atoms at 2.00 Å, and one sulfur atom at 2.31 Å (Table 1 and Fig. 3F ). The presence of the sulfur contribution can be explained by the presence of mercaptoethanol in the cofactor solution. The thiol reagent is required for the extraction of the iron-containing cofactor from the holoenzyme and for the stabilization of the extracted cofactor. These findings suggest that upon release of the cofactor from the mHmd enzyme, a mercaptoethanol molecule replaces a cysteine residue at the iron site (see below).
To directly show that the sulfur ligand to iron in the free cofactor is provided by the thiol group of mercaptoethanol, the cofactor solution (2 mM) containing 10 mM mercaptoethanol was supplemented with 10 mM 2-selenylethanesulfonate (this was the only mercaptoethanol-related selenol compound available to us) (32) . The iron K-edge x-ray absorption spectrum of the cofactor frozen after the addition of the 2-selenylethanesulfonate showed the presence of selenium in a distance of 2.41 Å from iron, but the spectrum lacked evidence for the presence of the two CO ligands (not shown), indicating that the cofactor was decomposed under the experimental conditions. Tables 1 and 2 are represented by gray curves. , EXAFS signal; k, photoelectron wave number; R, interatomic distance; FT, Fourier transform (modulus). The Fourier transform is phase-corrected for the shortest metalligand contribution; therefore, the peaks do not appear at the refined metal-neighbor distances. mHmd, active Hmd from M. marburgensis; mHmd ϩ CO, CO-inhibited mHmd; mHmd ϩ KCN, KCN-inhibited mHmd; mHmd ϩ substrates, mHmd in the presence of methenyl-H 4 MPT ϩ and H 2 ; Hmd cofactor, the iron-containing Hmd cofactor; jHmd wt, reconstituted active Hmd wild type from M. jannaschii; jHmd C10A and jHmd C250A, two reconstituted active jHmd mutants; jHmd C176A, reconstituted inactive jHmd mutant.
To test whether the iron in the cofactor can bind a second sulfur ligand, the cofactor solution containing 10 mM mercaptoethanol was supplemented with 10 mM ethane-1,2-dithiol.
The mercaptoethanol could not be omitted, since ethane-1,2-dithiol failed to stabilize the cofactor when present alone. The x-ray absorption spectrum of the cofactor in the presence of both mercaptoethanol and ethane-1,2-dithiol could best be fitted assuming an ϳ1:1 mixture of cofactor with iron coordinated by one sulfur, two CO, and two oxygen/nitrogen ligands and of cofactor with iron coordinated by two sulfur, two CO, and two nitrogen/oxygen ligands (supplemental Table S2 ).
The Amino Acid Contributing the Sulfur to Iron in Hmd-Active Hmd from M. marburgensis does not contain acid-labile sulfur (14) , and the enzyme is purified in the absence of mercaptoethanol or of other thiol-containing reagents. Therefore, the single sulfur ligand to iron in mHmd must be derived from one of the three conserved cysteines in the Hmd protein. These cysteines were therefore mutated.
The mutational analysis was performed with jHmd, because the hmd gene from this methanogenic archaeon rather than that from M. marburgensis could readily be overexpressed in E. coli. The overproduced jHmd apoprotein was purified, and the holoenzyme was reconstituted from the apoprotein and substoichiometric amounts (0.6 mol of cofactor/mol of apoprotein) of Hmd cofactor. In the case of the wild type apoprotein, the specific activity of the reconstituted jHmd was 200 -300 units/mg at 40°C (the enzyme purified from M. jannaschii has a specific activity of 300 -400 units/mg at 40°C).
First the reconstituted jHmd wild type was subjected to XAS analysis. The overall shape of the iron K-edge spectrum is different from that of mHmd (Fig. 1A) . The white line intensity is higher by ϳ11%, whereas the 1s 3 3d pre-edge area is lower by ϳ20% (supplemental Table S1 ) as compared with mHmd. The observed differences may be induced by the increase in the number of ligand atoms bound to iron in jHmd. Iron K-edge curve-fitting analysis confirmed this possibility and revealed the iron in the reconstituted jHmd to be coordinated by two CO (1.81 Å), one sulfur (2.34 Å) and two oxygens/nitrogens (2.00 Å) ( Table 2 and Figs. 2 and 3D) . Thus, similar to the Hmd cofactor, jHmd appears to differ from mHmd in the presence of an additional oxygen/nitrogen ligand close to the iron active site. jHmd and mHmd also differ in their Möss-bauer spectra, which were determined as described previously (24) . Reconstituted jHmd exhibits a spectrum with an isomer shift of 0.04 mm⅐s Ϫ1 and a quadrupole splitting of 0.97 mm⅐s
Ϫ1
(not shown), whereas mHmd has a Mössbauer spectrum with an isomer shift of 0.06 mm⅐s Ϫ1 and a quadrupole splitting of 0.65 mm⅐s Ϫ1 (24) . The spectrum of reconstituted jHmd differs even more significantly from the spectrum of the free iron-containing cofactor, which shows an isomer shift of 0.03 mm⅐s Ϫ1 and a quadrupole splitting of 0.43 mm⅐s Ϫ1 (24) . The large increase from 0.43 mm⅐s Ϫ1 to 0.97 mm⅐s Ϫ1 in quadrupole splitting indicates a significant change in the iron coordination symmetry upon specific binding of the cofactor to jHmd apoprotein. The symmetry change of the iron site is further substantiated by the difference in the shape of the XANES spectra of the cofactor and the reconstituted jHmd (Fig. 1A) .
As indicated above Hmd contains three conserved cysteines, one of which could provide the sulfur ligand to iron. In jHmd, the three conserved cysteines are Cys 10 , Cys 176 , and Cys
250
. Therefore, the following jHmd mutants were analyzed in the same manner as described for wild type jHmd: C10A, C250A, C176A, and C176S. Of these mutated proteins, only the two with mutations in Cys 10 and Cys 250 were catalytically active. They exhibited 30% of the activity of the wild type jHmd. Their iron K-edge XANES spectra are almost identical to that of the reconstituted wild type jHmd (Fig. 1C) . In addition, the EXAFS analysis indicates the presence of two CO, two oxygens/nitrogens, and 1 sulfur in the binding distance to iron (Table 2 , Fig. 2 and 3E ). These findings exclude the possibility that Cys 10 or Cys 250 contributes the sulfur ligand to the active iron site. Therefore, per exclusion, Cys 176 is the most likely donor of the sulfur ligand. The jHmd apoproteins mutated in Cys 176 (C176A and C176S) were still able to bind the iron-containing Hmd cofactor but were completely inactive. Binding most probably did not involve the iron site, since the reconstituted inactive enzyme exhibited an almost identical Mössbauer spectrum (isomer shift of 0.04 mm⅐s ). The XAS analysis supports this possibility. First, the shape of the rising iron K-edge (at ϳ7120 eV) in the XANES spectra of both mutants (Fig. 1C ) resembles more that of the ironcontaining cofactor (Fig. 1A) than that of all other Hmd spectra. Second, the calculated Fe-S bond length in the Cys 176 mutants (Table 2 ) is similar to that of the Fe-S (mercaptoethanol) in the cofactor sample (Table 1 ) and significantly shorter than that of the reconstituted active jHmd samples (Table 2 ). These results are consistent with, but not proof of, the possibility that Cys 176 provides the single sulfur ligand to iron in the active site of jHmd, since the mutated enzyme was inactive, which could have many reasons (e.g. a conformational change of the protein).
Finally, to directly demonstrate that the sulfur ligand to iron in Hmd is provided by a cysteine, the 10 cysteines in jHmd apoprotein were substituted by selenocysteines via heterologous production of the jHmd apoprotein in an auxotrophic E. coli strain (BL21(DE3) selB::kan cys51E), which was grown in a minimal medium supplemented with selenocystine (33) . This method yields heterologuously produced proteins in which more than 80% of the cysteines are substituted by selenocysteine. It has to be noted that the method yields selenocysteinecontaining proteins in which some of the selenol groups are bound via an Se-Se bond to free selenocysteine (33) . This is probably due to the fact that in the labeling experiments, the growth medium of E. coli is supplemented with selenocystine rather than with selenocysteine, since the latter is too toxic (33) .
The selenocysteine-containing apoprotein was purified anaerobically in the presence of 1 mM dithiothreitol as described under "Preparation of jHmd Samples." The reconstituted enzyme (Se-jHmd) showed ϳ5% of the activity of the only cysteine-containing reconstituted enzyme. This rest activity is most probably due to small amounts of unlabeled enzyme in the preparations, since always some jHmd apoprotein (ϳ5%) was produced in the recombinant E. coli strain before the induction with isopropyl 1-thio-␤-D-galactopyranoside and the addition of the selenocystine. The analysis of the iron K-edge EXAFS spectrum revealed the presence of one selenium atom bound to the iron at 2.43 Å. The Fe-Se bond length of 2.43 Å is consistent with the values reported for model complexes as well as for heterodisulfide reductase treated with the selenium analog of coenzyme M (32) . The iron coordination sphere in Se-jHmd is completed by 2 CO at 1.84 Å and 2 oxygens/nitrogens at 2.03 Å (supplemental Table S2 and supplemental Figs. S1 and S2).
The Fourier transform of the iron K-edge EXAFS of Se-jHmd (supplemental Fig. S2 ) exhibits another interaction at ϳ4.8 Å that we suggest represents the selenium atom of a diselenide bridge (see above). To verify this possibility, the selenium K-edge EXAFS spectrum of this sample was also investigated. Detailed curve-fitting analysis revealed an Se-C, Se-Se, and Se-Fe coordination environment. During the refinement, the structural parameters of the Se-Fe interaction at 2.43 Å (supplemental Table S2 ) were kept constant. The best fit was consistent with a model that contained 1.0 Se-C at 1.98 Å, 0.6 Ϯ 0.2 Se-Se at 2.32 Å, and 0.2 Ϯ 0.1 Se-Fe at 2.43 Å. (supplemental Table S2 ). The Se-Se bond confirmed the presence of the diselenide species in the Se-jHmd sample. Since Se-jHmd was inactive, no conclusions from this finding can be drawn.
Coordination of Iron in the CO-or Cyanide-inhibited mHmdTo confirm the binding of extrinsic CO or cyanide to the iron ion shown by IR spectroscopy (19) and to reveal structural changes at the active site upon enzyme inhibition, we carried out XAS measurements on the CO-and cyanide-inhibited mHmd samples. In both cases, the XANES pattern was significantly altered upon incubation (Fig. 1B) . First of all, the preedge area was much lower (29.8 ϫ 10
Ϫ2 eV and 27.3 ϫ 10 Ϫ2 eV for the CO-and cyanide-inhibited sample, respectively (supplemental Table S1 ). In contrast, the white line intensity was slightly higher. Similar to the cofactor sample, the observed changes in the XANES spectrum upon CO or cyanide incubation can be interpreted as a result of an increased coordination number of the iron ions in those samples. However, here the decrease of the pre-edge area compared with the one of the as isolated mHmd sample is much more significant than in the case of the iron-containing cofactor (ϳ48% versus ϳ24%). This might be attributed to two reasons; the coordination number is higher than 5, and/or the additional ligand present at the iron site is not oxygen/nitrogen. Thus, already the XANES analysis suggests the presence of an additional CO or cyanide. The EXAFS data support this finding (Fig. 2) . In both spectra, the sharp oscillations at ϳ6 Å Ϫ1 , present in the mHmd as isolated data, are diminished and, especially in the cyanide-inhibited sample, followed by the EXAFS signal of relatively low intensity from 7 to 12 Å Ϫ1 . This indicates destructive interference of the signal caused by the new ligand, which is visualized in both Fourier transforms (Fig. 2) by the lacking contribution at ϳ2.1 Å. The quantitative EXAFS analysis reveals a five-coordinate iron site in both samples confirming the binding of a single inhibitor molecule to the metal ion (Table 1 and Fig. 3, B and C) . The Fe-C distance for the extrinsic CO molecule is the same as that for the two intrinsic ones (1.83 Å). The increase of the Fe-C bond length is a result of the higher coordination number and fits well to the values reported for iron(II) tricarbonyl complexes (34) . In the case of the cyanide-inhibited sample, the Fe-CN distance is significantly longer (1.97 Å), which is consistent with the structure of the iron site in other hydrogenases as well as in iron(II)-thiolate complexes with a mixed CO/CNligand sphere (35) .
The experiment was not repeated with reconstituted jHmd; however, it was ascertained that the wild type enzyme was inhibited by CO and by cyanide, that the K i values were similar to those reported for mHmd, and that inhibition by CO was competitive with respect to H 2 .
The Iron Site of mHmd in the Presence of Substrates-The iron K-edge XAS was employed to study the iron site structure in mHmd in the presence of the enzyme substrates, H 2 and methenyl-H 4 MPT ϩ . The overall shape of the XANES pattern resembles the one of as isolated mHmd (Fig. 1A) . However, a 4% increase of the white line intensity together with a 5% decrease of the pre-edge area (supplemental Table S1 ) indicates slight alterations of the local metal environment (Fig. 1A) . Such differences may reflect a presence of an additional light atom in the vicinity of the iron in this sample. To verify this assumption, the EXAFS data were refined with two structural models, (a) based on the model obtained for as isolated enzyme and (b) with a similar coordination, including an additional carbon atom. The choice of the extra ligand was based on the substrate structure and the potential reaction mechanism. A slightly better fit was obtained for the second model with an Fe-C contribution at 2.23 Å (Table 1) , as indicated by a lower value of ⌽. However, the reduced 2 favors the model without this additional ligand, indicating that this carbon back-scattering contribution is not significant. Thus, the present data suggest that the iron site is altered in the presence of H 2 and methenyl-H 4 MPT ϩ ; however, a direct binding of the methenyl-H 4 MPT ϩ molecule to the iron cannot be unequivocally confirmed.
DISCUSSION
The x-ray absorption spectroscopy study revealed the composition of the iron site in active Hmd (Table 1 ). The novel iron binding motif of mHmd is constituted by two CO molecules: one cysteic sulfur atom and one oxygen/nitrogen atom originating from the organic skeleton of the Hmd cofactor. The probability that the organic cofactor donates a further oxygen/ nitrogen atom is low based on the EXAFS analysis (see supplemental Table S3 ). However, the method has an error margin of 20% in coordination numbers due to the correlation with the Debye-Waller factor and is blind for hydrogen ligands.
Mutational analysis revealed Cys 176 (numbering of the M. jannaschii enzyme) as the most likely amino acid contributing the sulfur ligand in Hmd. A possible candidate for contributing an oxygen atom to the iron coordination sphere is the carboxylate group of the pyridone derivative in the cofactor (21) . The presence of this acidic group, with a pK close to 5, in the vicinity of the iron ion has been already postulated, based on the pH dependence of the IR spectrum of Hmd (19) . It is also possible that the second oxygen/nitrogen atom bound to the iron in jHmd originates from other parts of the organic skeleton of the cofactor as well. The imino nitrogen or oxygen of the pyridone derivative is the most likely candidate.
The XAS study revealed that the iron ion in Hmd possesses an open coordination site, to which an extrinsic CO or cyanide can reversibly bind. Since CO inhibits Hmd activity competitively with respect to H 2 (20) , we propose this to be the H 2 -binding site.
Upon unfolding of the enzyme in methanol and release of the cofactor in the presence of 2-mercaptoethanol, the bond between the iron and the cysteic sulfur of the protein must be lost, and a new bond between the iron and the sulfur atom of the mercaptoethanol molecule is formed. Unfortunately, the mercaptoethanol cannot be removed from the cofactor preparations without complete loss of activity (20) . Therefore, the proposal that mercaptoethanol contributes the sulfur ligand to iron in the free cofactor could not be tested unambiguously by x-ray absorption spectroscopy.
The finding that the mononuclear iron active site of Hmd contains, besides 2 CO, also a sulfur ligand is remarkable. The low spin iron in the dinuclear centers of [NiFe]-hydrogenases and [FeFe]-hydrogenases is also coordinated by CO and sulfur ligands. The presence of only one cysteine residue harboring the metal-containing cofactor in Hmd resembles especially the structure of the catalytic site of [FeFe]-hydrogenases, where the dinuclear Fe-Fe center is as well bound to the protein through only one cysteic sulfur (4, 12) . Considering that the three types of hydrogenases are phylogenetically not related, the finding that they have a low spin, low oxidation state iron ion complexed by CO and sulfur in common must be mechanistically meaningful.
The previously proposed Hmd catalytic mechanism did not involve any transition metal and assumed that in the course of the reaction, a carbocation was formed from methenyl-H 4 MPT ϩ by a conformational change resulting from its binding to the enzyme (36) . This mechanism in general may be still adequate in a refined model, including the mononuclear iron site present in Hmd. In the presence of both H 2 and methenyl-H 4 MPT ϩ , small alterations of the iron site in Hmd were observed by XAS (this work) and by IR spectroscopy (19) , consistent with the finding that methenyl-H 4 MPT ϩ is required in the splitting of H 2 into a hydron and a hydride by Hmd (36) .
In summary, despite all the differences in the active site structure, the catalytic mechanism of the three types of hydrogenases may have some elements in common. The elucidation of the role of the mononuclear iron site in Hmd could therefore be a key to the understanding of how hydrogenases function.
